Objective: The aim of this study was to quantify the impact of traffic density and verbal tasks on takeover performance in highly automated driving.
IntroductIon
Highly automated vehicles (Gasser, 2012) , also known as Level 3-limited self-driving automated vehicles (National Highway Traffic Safety Administration [NHTSA], 2013)-or conditional automation (SAE International, 2014) , are already being tested on public roads. By definition, the driver is "expected to be available for occasional control, but with sufficiently comfortable transition time" (NHTSA, 2013, p. 5) to resume control in situations that the automation is not able to handle. These TORs may occur also in those situations when complexity and traffic density are high. There are several indications that the density of the surrounding traffic affects driver performance. For manual driving, Heenan, Herdman, Brown, and Robert (2014) showed that higher traffic density results in an impaired ability to control vehicle speed and in lower situation awareness. Considering driving with adaptive cruise control (ACC), Stanton and Young (2005) found higher workload and demand in medium (approximately 15 vehicles per kilometer) and high traffic (approximately 23 vehicles per kilometer) compared to low traffic density situations (approximately seven vehicles per kilometer).
For highly automated driving, traffic density has already been identified to have distinct influence on takeover performance (Gold, Lorenz, & Bengler, 2014; Radlmayr, Gold, Lorenz, Farid, & Bengler, 2014) . With a high traffic density of approximately 30 vehicles per kilometer in the neighboring lane, the authors found poorer takeover performance compared to a condition without traffic. Next to an extended takeover time and higher accelerations due to intensified braking and dynamic lane changes, the authors also found a larger number of crashes. The studies of Radlmayr et al. (2014) and Gold et al. (2014) , however, lack a subdivision of traffic densities as they solely used an extremely high traffic density condition of 30 vehicles per kilometer. On the one hand, lower traffic densities could reveal nonlinearities, like the ceiling effect found by Stanton and Young (2005) for traffic densities above approximately 15 vehicles per kilometer. On the other hand, the investigated traffic density of 30 vehicles per kilometer is rather extreme, as the traffic flow gets unstable above 18 vehicles per kilometer at speeds of 120 km/h (cf. Schöpplein, 2013) . Therefore, this study aims to close this gap and quantify the impact of different traffic densities on takeover performance.
By definition, highly automated driving allows drivers to engage in non-driving-related tasks, as the driver is not needed to permanently monitor automation. Studies have shown that with higher automation levels, the engagement in non-drivingrelated tasks increases (e.g., Jamson, Merat, Carsten, & Lai, 2013) . Thus, takeover experiments should involve consideration of the role and impact of non-driving-related tasks. In previous studies, a wide range of non-drivingrelated tasks have been investigated, including the visual Surrogate Reference Task (e.g., Beller, Heesen, & Vollrath, 2013; Gold, Dambock, Lorenz, & Bengler, 2013; Kerschbaum, Lorenz, & Bengler, 2014) , the cognitive n-Back Task (Radlmayr et al. 2014) , the conversational 20-Questions Task (TQT; e.g., Merat, Jamson, Lai, & Carsten, 2012) , and naturalistic tasks, like texting, Internet search (Zeeb, Buchner, & Schrauf, 2015) , and talking on the phone (Neubauer, Matthews, & Saxby, 2012) . It is remarkable that talking on the phone is not widely investigated in the context of automated driving, considering that drivers are engaged in speaking on the phone 6.7% of the driving time (Funkhouser & Sayer, 2012 ). This cognitive distraction is noteworthy as cognitive distraction impairs the takeover performance (Radlmayr et al., 2014) , and the cognitive takeover process is considered more critical than the motoric reorientation to the driving task (Zeeb et al., 2015) . Therefore, the TQT was introduced as a second factor to the experiment. Merat et al. (2012) considered the TQT as a non-driving-related task to be similar to speaking on the phone. For manual driving, Heenan et al. (2014) used the TQT as a substitute for conversations on the phone and in combination with different traffic densities and stated that this task is "well suited for experimentation, as it is continuous and the pace of the task can be monitored by the experimenter" (p. 1090). Just like talking on the phone, the TQT affects working memory and situation awareness (Heenan et al., 2014) . It is assumed that the TQT complicates the takeover by affecting drivers' workload, just like in manual driving (e.g., Strayer, Drews, & Johnston, 2003) and prolongs drivers' reaction times (Strayer & Drews, 2004; Strayer, Drews, & Crouch, 2006) . The task further reduces drivers' attention (Strayer et al., 2003) and may, therefore, reduce situation awareness during highly automated driving. It is also connected to the factor of traffic density, as the effort of regaining situation awareness is dependent on the number of relevant vehicles to be considered in the takeover maneuver.
The driving simulator study presented in this publication assesses changes of timing and quality aspects of the takeover due to different traffic density conditions and the verbal TQT representing a phone conversation while driving automated.
Method Participants
Seventy-two participants (14 women and 58 men), between 19 and 79 years of age (M = 45.0, SD = 22.2), recruited from two different age groups (36 young, M = 23.3, SD = 2.6; 36 elderly, M = 66.7, SD = 4.56) participated in this study. Participants of the elderly group were paid 30 euros compensation, as they had an extended effort to approach the laboratory, whereas the younger participants did not receive a compensation. All participants had a valid driver's license for at least 1 year and had normal or corrected-to-normal vision. The evaluation of age effects would exceed the desired paper length and are therefore presented in a separate paper (see Körber, Gold, Lechner, & Bengler, in press ). In brief, there was no main effect for age, F(1, 66) = 2.449, p = .055, and no interaction between the main factors age group and task, F(1, 66) = .489, p = .744, or between age group and traffic density, F(2, 132) = 1.680, p = .122.
Apparatus
The experiment was conducted in a fixedbased, high-fidelity driving simulator, equipped with a full vehicle mockup and six projectors enabling a front viewing angle of more than 180° and the use of all driving mirrors (Figure 1 ). The implemented automation had a longitudinal capability similar to common ACC systems, followed the indicated speed limits, kept in the center of the current lane, and was able to independently pass slower vehicles. Data were recorded at a frequency of 100 Hz, including the vehicle's position, accelerations, steering wheel angle, and pedal positions. The head mounted eye-tracking system (Dikablis) was used to track driver's gaze behavior with a recording rate of 25 frames per second.
traffic density and tQt
With a 3 × 2 mixed design, the within-subject factor traffic density (zero, 10, 20 vehicles per kilometer) and the between-subject factor task (none, TQT) were assessed regarding their influence on the takeover performance. Task was distributed equally over the age groups. The traffic density changed naturally and fluidly over the experiment and was varied by manipulation of the distance between vehicles in the neighboring lanes. Just before the takeover request (TOR), the surrounding traffic, consisting of 10 vehicles in each lane, was given a speed equal to the automated vehicle and was arranged with constant and equal distance between the vehicles (100 or 50 m for density of 10 or 20 vehicles per kilometer, respectively), while the neighboring lanes were empty in the condition when there were zero vehicles per kilometer. The participant's vehicle was next to the middle of a gap between two neighboring vehicles to enable a lane change.
Half of the participants had no task to perform (baseline), whereas the other half had to engage in the TQT whereby participants had to guess animals by asking the experimenter questions that were answered with yes or no only. As soon as an animal was guessed correctly, the TQT continued with another animal. This cognitive task employed hands-free communication between participant and experimenter, and it did not require any additional (manual) driver input. It was continuously presented during the automated drive.
Each participant performed three takeovers with a traffic density of zero, 10, and 20 vehicles per kilometer in an automated drive on a threelane highway, lasting approximately 20 min. The takeover situations occurred approximately every 6 min. The lane of travel was varied within the participants (left, center, right) to reduce effects of expectancy and to consider takeover behavior in different lanes. Traffic density and lane were counterbalanced across participants to avoid bias. The situations evolved within a normal traffic flow; for example, the participant's vehicle was passing slower vehicles and therefore changing to the lane where the takeover would occur, making it impossible to anticipate an approaching takeover situation. The cause of the TOR was a broken, stopped vehicle in the current lane. Together with the TOR, the vehicle suddenly popped up 233 m ahead; thus the system limit could not be detected before the TOR was announced. The TOR itself consisted of a double beep of 75 dB and about 2800 Hz, according to guidelines of NHTSA for crash warnings (Campbell, Richard, Brown, & McCallum, 2007) . Subsequent to the TOR, the automation was deactivated, leading to slight deceleration. All TORs were applied on straight road sections that did not require immediate steering. In all situations, the automation speed was set to 120 km/h (33.3 m/s; 74.6 mph), and initially drivers were given 7 s to respond to the TOR. See Figure 2 .
Procedure
Participants were welcomed at the institute, signed a consent form, and completed a demographic questionnaire that gathered information regarding age, gender, and driving experience. Participants were briefed regarding the experiment and the automation with a written handout. They were informed that they would be able to take their hands off the steering wheel and feet off the pedals as the automation was capable of longitudinal and lateral control. Furthermore, they were told that the automation did not have to be monitored, although there were situations the automation could not handle. In these cases, the driver was warned (i.e., TOR) and had to take over control. Depending on the condition, participants were given instructions regarding the TQT. Subsequently, a second questionnaire was completed, recording subject's attitude toward automated driving. The experimenter explained the driving simulator, and the participants were given a test drive to familiarize themselves with the simulation and automation, including one TOR at the end, albeit without any representation of a system limit. As soon as the participants indicated that they were comfortable with the simulator, the experiment started, including the three takeover situations explained in the previous section. Following the experimental drives, a similar questionnaire assessing the attitude toward automated driving was completed, followed by participant debriefing.
dependent Measures
Building upon our earlier work (e.g., Gold et al., 2013), we assessed timing and quality aspects of the takeover based on a number of dependent variables (see Table 1 ).
Regarding the timing aspects, hands-on time (t hands-on ) and takeover time (t takeover ) were evaluated. We defined t hands-on as the time between the TOR and moment when the hands grasped the steering wheel, indicative of how long it takes the driver to return to a driving position. We defined t takeover as the time between the TOR and the first measurable response to the situation. Based on similar experimental data, Gold et al. (2013) defined thresholds of 2° for steering wheel angle and 10% for brake pedal position. As soon as driver's input exceeded one of these thresholds, it was considered to be an overt maneuver and t takeover was measured. The variable t takeover captures the cognitive processes of Figure 2 . Examples of the takeover situations from the ego vehicle's view at the moment of the takeover request. Inset zooms in on the stopped vehicle, representing the system limit. regaining situation awareness and selecting a response to the TOR. It is therefore a reasonable measure for assessing the increased complexity of the situation due to higher traffic densities. Quality aspects of the takeover were evaluated by the maximum longitudinal accelerations, including brake accelerations (a long ), and the maximum lateral accelerations (a lat ) of the vehicle. Another variable, time to collision (TTC), represented the time remaining until colliding with the obstacle, assuming a constant speed difference between vehicle and obstacle (see International Organization for Standardization, 2013) . At the onset of the TOR, the TTC was 7 s and equivalent to the time budget. From that moment on, the TTC decreased until the participant braked or changed lanes. A TTC of zero represents a collision, either with the obstacle or vehicles in the neighboring lanes, whereas higher TTC values indicate a better handling of the situation, as the temporal distance to a collision is longer.
Accelerations were evaluated from the TOR up to 67 m after passing the obstacle, capturing the evasive maneuver and stabilization in the new lane. It was assumed that slower accelerations are equivalent to a less dynamic and therefore safer maneuver.
In order to measure the influence of task on participants' workload, the gaze behavior of drivers was assessed. Several studies suggest gaze behavior is a valid tool for measuring cognitive workload (e.g., Wang, Reimer, Dobres, & Mehler, 2014) , for example, in aviation (Di Nocera, Camilli, & Terenzi, 2006) or road transportation (He, Becic, Lee, & McCarley, 2011) . Visual scanning is also related to situation awareness (Ratwani, McCurry, & Trafton, 2010) . Wang et al. (2014) concluded that "horizontal gaze dispersion is the most sensitive measure of cognitive demand" (p. 236). As cognitive workload should decrease horizontal gaze dispersion (HGD), this measure was chosen for assessing the differences between the task and baseline groups. We measured the HGD in 1-min intervals both at the beginning and at the end of the experiment and assessed the average HGD within those 2 min for each participant. As the traffic density was constantly changing during the experiment, the HGD could not measure differences resulting from traffic density.
data Set and Statistical Analyses
For each participant, we tested three takeover situations, resulting in a total of 216 takeovers. A two-factorial MANOVA with repeated measures was performed, with traffic density as the repeated within-subject factor and task as the between-subject factor. As the lane was counterbalanced and was shown not to influence driver performance in similar experiments (cf. Radlmayr et al., 2014), lane was not included as a factor. In cases in which Mauchly's test for sphericity showed significance, values were corrected (Greenhouse-Geisser). All post hoc pairwise comparisons were Bonferroni corrected.
Although the TOR was designed according to common standards and was not expected to be missed, one participant (79 years) missed a TOR and was excluded from statistical analyses regarding the takeover performance. Lateral acceleration was not recorded properly in six trials but could be adequately derived from the vehicle's coordinates. In another four tests, participants ran into the median strip, leading to excessive peak lateral accelerations (>18 m/s²), which have been excluded from the calculation of a lat . We measured t hands-on via the field-cam video from the eye-tracking system. In 13 situationsdepending on participant's head position-hands were not inside the field of view of the eyetracking system and t hands-on could not be assessed. Because of missing t hands-on values, a separate ANOVA was calculated for this measure. The other dependent variables, t takeover , a long , a lat , and TTC, were analyzed using a 3 × 2 MANOVA for the main factors traffic density and task. The effect of task on HGD was analyzed using an unpaired t test. For all analyses, the significance level was set to .05.
reSultS
We measured driver performance metrics within takeover situations in highly automated vehicles in varying traffic density and task conditions. Tables 2, 3 , and 4 contain the results of the statistical analyses regarding the factors task and traffic density. Whereas the traffic density affected almost all performance metrics, the TQT did not show a significant effect on the takeover performance. Neither t hands-on , F(1, 57) = 0.910, p = .394, nor the other variables, F(2, 138) = 0.41, p = .910, showed an interaction between the factors traffic density and task.
Task did not show a significant main effect on takeover performance, F(1, 69) = 1.04, p = .393) but indicated an effect on TTC, F(1, 69) = 4.31, p = .042. As we performed a MANOVA, integrating the different dependent measures, significance of the single measures can be interpreted only when there is a significant main effect, which is not the case for the factor task. However, a multiple ANOVA, which is a common and less conservative method, also indicates a reduction of TTC with the TQT, F(1, 69) = 5.53, p = .023. There are also indications that the TQT may lead to longer t hands-on , but the effect did not reach statistical significance, F(1, 57) = 3.36, p = .072. A strong effect (Cohen's d = 1.18; r = .51) was found in HGD between task and baseline group, t(70) = 5.010, p < .001 (cf. Figure 3) , indicating a more-than-50% broader horizontal dispersion of gazes without the additional load of the TQT.
Traffic density showed a significant main effect on takeover performance, F(2, 138) = 8.27, p < .001, but not on t hands-on , F(1, 57) = .332, p = .689 (cf. Figure 4a) . Traffic density did influence the t takeover , F(2, 138) = 15.21, p < .001; and post hoc pairwise comparisons showed that with a traffic density of zero, the maneuver started about 1 s earlier (M = 2.57 s, SD = 1.02) than with a traffic density of 10 (M = 3.42 s, SD = 1.28), t(69) = -4.680, p < .001, or 20 vehicles per kilometer (M = 3.51 s, SD = 1.20), t(69) = -5.437, p < .001 (cf. Figure 4b ). Note. t hands-on = hands-on time.
There was also an effect of traffic density on TTC, F(2, 138) = 22.62, p < .001 (Figure 5c ), as the presence of traffic led to shorter TTC values and therefore more critical situations. We measured lower TTC values with a traffic density of 10 (M = 1.72 s, SD = 1.23), t(69) = 5.560, p < .001, and 20 (M = 1.59 s, SD = 1.23), t(69) = 6.516, p < .001, vehicles per kilometer compared to the no-traffic condition (M = 2.77, SD = 1.26). The minimum TTC values of 0 s in the conditions with 10 and 20 vehicles per kilometer indicate that crashes occurred. All crashesincluding those with the broken-down, stopped vehicles representing the system limitation as well as with the surrounding vehicles in neighboring lanes-are shown in Figure 5d . Fisher's exact test, which is robust for small numbers of cases, showed that there was a larger number of crashes with 10 (p = .003) and 20 (p = .002) vehicles per kilometer compared to the no-traffic situation. Therefore, all quality measures of the takeover showed more critical characteristics under the presence of traffic. A supplementary chi-square test showed similar results, χ 2 (2, N = 71) = 9.33, p = .009, for crash occurrence. All post hoc performed pairwise comparisons are summarized in Table 5 along with effect sizes.
dIScuSSIon
The results of the HGD supported the notion that the TQT was a cognitively loading task and appropriate for the experimental purpose to substitute phone conversations. With the conservative statistical methods we used, we did find indications for deteriorations in takeover performance due to the TQT but no significant effects. Neubauer et al. (2012) found a reduction in brake reaction times when participants were engaged in a phone call while engaged in automated driving, in comparison to a no-task condition. Although the experimental setup is very similar, such effects could not be found in the current study. A possible explanation is that in our experiment, the periods of automated driving between the TORs were only 5 to 6 min long, wherefore possible positive effects on driver arousal due to the TQT did not emerge although could become apparent when lengthening the automated driving time span.
It was hypothesized that the complexity of a takeover situation in highly automated vehicles impairs takeover performance at the perception, cognition, and execution levels. The time until participants placed their hands back on the steering wheel was found to be independent of traffic density and matched the range of other experiments (cf. Gold et al., 2013) . This finding suggests that this motion pattern is either rule or skill based (cf. Rasmussen, Pejtersen, & Goodstein, 1994) and, as it is not influenced by the traffic density, can be executed without extensive situational assessment or understanding. On the other hand, traffic density does influence the takeover time, which is in line with the results from Radlmayr et al. (2014) . A higher traffic density and therefore a greater number of objects led to delays in initiating the maneuver. This result may be caused by extended visual scanning and decision-making process. It can be argued that longer takeover times are actually indicative of a better reaction, as participants took the necessary time to regain situation awareness before starting a maneuver. Traffic density furthermore influenced the quality of the takeover in the form of higher accelerations, lower TTCs, and a higher crash probability in higher traffic densities, likely to be also caused by the delayed takeover. All of these variables indicate a more critical takeover, and the increase in the number of crashes matches findings and results from other research (cf. Radlmayr et al., 2014) . Situational parameters that increase complexity of the situation must not be underestimated in order to ensure the safety of the drivervehicle-automation system. It is noteworthy that no variable showed significant differences between the medium and high traffic density conditions. The influence of traffic density on takeover performance seems to show ceiling effects, as found in the study of Stanton and Young (2005) with ACC systems. Further studies should include sampling points between zero and 10 vehicles per kilometer to further assess the correlation of traffic density and takeover performance. A higher object density of more than 20 vehicles per kilometer will primarily lead to stronger braking as changing lanes becomes harder or even impossible (cf. Gold et al., 2014; Radlmayr et al., 2014) . It could be argued that effects of traffic density showing up in the dependent variables represent such changes from lane changing to braking and do not indicate a deterioration of takeover quality; however, the concurrent increase of lateral accelerations and crash probabilities as measured in this study suggest the contrary. Especially when looking at accelerations and crash probabilities, a distinct limitation of this study is that the transferability of driving simulator experiments to future automated vehicles is currently lacking evidence (Kemeny & Panerai Francesco, 2003) and therefore must be validated on the road in future research. Nevertheless, the measured accelerations and a crash risk of more than ~10% with a time budget of 7 s and common traffic densities of 10 to 20 vehicles per kilometer suggest that such takeover situations may lead to high risk states in future automated vehicles. It is assumed that such situations are challenging in the absence of automation as well and may also lead to high-risk maneuvers and crashes, as in the studies of Gold et al. (2014) and Radlmayr et al. (2014) .
In addition, for measuring driver performance, we selected a generic takeover situation of a blocked lane, a situation that is likely to be handled by future automated vehicles without the necessity of requesting a takeover, similar to automated emergency braking available in current vehicles. It follows that the lack of realism may also have influenced the participants, but we feel that a takeover with evasive maneuver remains a valid tool for assessing takeover performance, as it includes the key aspects of rebuilding situation awareness, scanning the environment, and planning and executing a dynamic maneuver, including longitudinal and lateral control in interaction with other road users. One participant engaged in the TQT did not recognize the TOR and had to be warned by the experimenter, as even after 5 s no response was noticeable. At the same time, when the TOR was announced, the experimenter was answering a question of the TQT, which might have reduced the discriminability of the TOR. In the inquiry and a subsequent interview, no impaired hearing ability was reported. We can neither eliminate all doubt that the participant suffered from impaired hearing nor assume that 75 dB was insufficient for the warning. As a conclusion, a warning cascade instead of a short auditory stimulus may be beneficial in order to prevent misses of TORs.
The results of the current experiment suggest that, next to the factors driver state and humanmachine interaction (HMI), the situational parameters are shown to be crucial for a safe and successful takeover. Although the cognitive TQT showed minor effects on the takeover performance, a strong influence of traffic density is evident. In consequence, a takeover might not be appropriate in every situation or has to be secured by guaranteeing good driver availability and/or providing a compensatory HMI, like suggested by Lorenz, Kerschbaum, and Schumann (2014) . Reducing the vehicle's speed by automated braking could further reduce criticality (Gold et al., 2014) and enable a safer takeover. Note. LSD = least significant difference; t takeover = takeover time; a lat = maximum lateral accelerations; a long = maximum longitudinal accelerations; TTC = time to collision.
